Abstract. We related measurements of annual burned area in the southwest United States during 1984-2013 to records of climate variability. Within forests, annual burned area correlated at least as strongly with spring-summer vapour pressure deficit (VPD) as with 14 other drought-related metrics, including more complex metrics that explicitly represent fuel moisture. Particularly strong correlations with VPD arise partly because this term dictates the atmospheric moisture demand. Additionally, VPD responds to moisture supply, which is difficult to measure and model regionally due to complex micrometeorology, land cover and terrain. Thus, VPD appears to be a simple and holistic indicator of regional water balance. Coupled with the well-known positive influence of prior-year cold season precipitation on fuel availability and connectivity, VPD may be utilised for burned area forecasts and also to infer future trends, though these are subject to other complicating factors such as land cover change and management. Assuming an aggressive greenhouse gas emissions scenario, climate models predict mean spring-summer VPD will exceed the highest recorded values in the southwest in nearly 40% of years by the middle of this century. These results forewarn of continued increases in burned forest area in the southwest United States, and likely elsewhere, when fuels are not limiting.
Introduction
Wildfire in the southwestern United States (SW) is influenced by drought on inter-annual to centennial timescales Betancourt 1990, 1998; Grissino Mayer and Swetnam 2000; Trouet et al. 2006; Westerling et al. 2006; Littell et al. 2009; Marlon et al. 2009; Williams et al. 2013) , and it is well known that drought increases the risk of wildfire by drying organic fuel sources (e.g. Byram and Jemison 1943; Keetch and Byram 1968;  activity that bypass the need for complex fuel moisture modelling (e.g. Price and Rind 1994; Crimmin and Comrie 2004; Holden et al. 2007; Holden et al. 2009; Littell et al. 2009; Dillon et al. 2011; Abatzoglou and Kolden 2013; Riley et al. 2013 ). Consistent and highly correlated influences of climate variability on forest fire activity have been elusive in part because historic wildfire data are limited in terms of geographic representation, spatial resolution, temporal depth and ecological effects (Littell et al. 2009 ). Littell et al. (2009) conducted one of the most thorough examinations of the climatic drivers of burned area in the western United States to date. Burned area in SW ecoprovinces for 1916-2003 was found to be associated primarily with fuel availability, dictated by prior-year precipitation and only secondarily related to drying of fuels during the year of fire. This conclusion was consistent with past findings (e.g. Westerling et al. 2002; Westerling et al. 2003; Crimmin and Comrie 2004) , but these studies utilised spatially coarse burned area data and did not distinguish among land cover types, burn severities or elevations.
The problem of limited geographic detail in wildfire data is waning for the United States, as there are now nearly three decades of high-resolution, satellite-derived observations of burned area and burn severity developed through the Monitoring Trends in Burn Severity (MTBS) programme (Eidenshink et al. 2007) . Riley et al. (2013 ) used MTBS data from 1984 -2008 to demonstrate that locations and sizes of wildfires in the western United States correspond well with an estimate of flammability calculated from meteorological data. Abatzoglou and Kolden (2013) utilised MTBS data to develop annual records of forest and non-forest burned area for 1984-2010 within each of eight regions in the western United States. This study showed that among several drought-related climatological and biophysical variables, forest burned area in the SW correlated most strongly with potential evapotranspiration (PET). Williams et al. (2013) also utilised MTBS data to show that annual forest area burned in the SW corresponds strongly with a tree ring-based estimate of regional forest drought stress. Both Abatzoglou and Kolden (2013) and Williams et al. (2013) indicate that SW forest fire area may be more strongly influenced by current-year drought than was formerly recognised (e.g. Westerling et al. 2006; Littell et al. 2009 ).
An implication of observed drought-wildfire relationships in the SW is that warming may cause increased regional wildfire (e.g. Westerling et al. 2006; Fleishman et al. 2013) , at least in the near term when fuels are not limiting. Warmth contributes to the drying of soils and fuels, enhancing forest flammability (Schoennagel et al. 2004; Westerling et al. 2006; Pechony and Shindell 2010) , and can promote the creation of additional dead fuels through drought-induced tree mortality (e.g. Adams et al. 2009; Williams et al. 2013) . Additionally, drought-stressed trees appear to be at increased risk of fire-induced tree mortality (van Mantgem et al. 2013) , influencing post-fire fuel characteristics and possibly future fire activity (although the relationship between fuel characteristics and fire dynamics is complex; e.g. Linn et al. 2013) .
Temperature is often used as a proxy for atmospheric moisture demand, although this quantity is more accurately represented by the vapour pressure deficit (VPD). VPD is defined as the saturation vapour pressure (e s ) minus the actual vapour pressure (e). Increasing temperature causes e s to increase exponentially, and this exponential relationship translates to an exponential influence of warming on VPD, even if e increases such that relative humidity (RH) remains constant (Anderson 1936) . Although various measures of atmospheric moisture demand have been used in fire behaviour modelling (e.g. Werth et al. 2011) , and various drought indices have been used to assess seasonal and longer-term associations with area burned, VPD has received relatively little attention as a potentially dominant indicator of wildfire vulnerability. An exception is a recent study indicating that wildfire spread in Alaskan boreal forests is strongly influenced by VPD during the days leading up to ignition (Sedano and Randerson 2014) . Here, we utilise 30 years of satellite observations to quantify recent trends and inter-annual variability in burned area in the SW. We then evaluate relationships between SW wildfire and climate, building upon the previous results of Williams et al. (2013) and other recent investigations (e.g. Littell et al. 2009; Abatzoglou and Kolden 2013; Riley et al. 2013) . We evaluate correlations between annual burned area in the SW (distinguishing between forest and non-forest) and 15 seasonal climate metrics, including VPD and several bioclimatic variables used in previous evaluations of climatewildfire relationships. We test the hypothesis that annual burned forest area is as strongly correlated with spring-summer VPD as it is with other drought-related metrics more commonly used to evaluate wildfire vulnerability. We also evaluate relationships between burned area and antecedent moisture conditions, distinguishing between forest and non-forest, and also, for the first time, among elevation classes within forests. Our findings provide new insights regarding the nature and strength of the relationships between SW wildfire and climate, with implications for seasonal burned area forecasting and future climateinduced wildfire trends. Observed wildfire-climate relationships in the already warm and dry SW may provide valuable insight relevant to other regions where climate is likely to become substantially warmer and drier.
Data and methods

Annual burned area
We calculated annual SW burned area using satellite data from 1984 to 2013 (see Fig. 1a for SW boundaries). For 1984-2012, we accessed data on wildfires larger than 404 ha from the United States Forest Service MTBS project (Eidenshink et al. 2007) . MTBS classifies burn severities as low, moderate or severe based on measurements made by the Landsat satellite (30-m geographic resolution. As in Williams et al. (2010 Williams et al. ( , 2013 , we excluded low severities because severities are classified based on likelihood of ecological change (Eidenshink et al. 2007 ) and we were most concerned with identifying climate-fire relationships that influence vegetation mortality or damage. We updated burned area records through 2013 using the burned area product derived from Moderate Resolution Imaging Spectroradiometer (MODIS) satellite imagery (version 5.1) (Roy et al. 2008) . Although MODIS only provides one additional year of data, it allows for our estimates of total area burned and associated trends to be as up to date as possible. See S1 and Fig. S1 as Supplementary Material to this paper for methods used to estimate burned area from MODIS. We distinguished between forest and non-forest burned area using the 1992 National Land Cover Dataset (NLCD). Forest land cover is classified as 'conifer' or 'mixed' (as in Method #4 of Williams et al. 2010) . Within SW forest, we calculated sub-regional burned area records within various elevation bands using the United States Geological Survey digital elevation model dataset. We excluded non-natural and non-vegetated areas (e.g. city, farmland, sand dunes, water).
Observed climate data
We evaluated surface climate variables using gridded monthly data from the PRISM group at Oregon State University (Daly et al. 2004 ; PRISM Climate Group, Oregon State University, www.prism.oregonstate.edu). Geographic resolution is ,4 km, temporal coverage used here is 1961-2013, and variables are precipitation, maximum daily temperature (T max ), minimum daily temperature (T min ) and dew point. Although other climate datasets are available, PRISM is preferred when possible because of its higher spatial resolution and inclusion of station data from the Remote Automated Weather Station (RAWS) network, which is partly intended for fire danger evaluation. See Supplementary Material S2 for a comparison of PRISM to alternative datasets. We calculated monthly VPD using methods described in Supplementary Material S3.
For variables not available via PRISM, we used the monthly and hourly dataset developed for Phase 2 of the North American Land Data Assimilation System (NLDAS-2) (Mitchell et al. 2004 (Mitchell et al. ) for 1979 (Mitchell et al. -2013 . These variables were PET, water deficit (PET minus actual evapotranspiration), insolation (downward solar radiation at the surface), wind speed and soil moisture in the top 10 cm. Among these, water deficit and soil moisture were calculated by the Noah land surface model, forced with NLDAS-2 meteorological data (Xia et al. 2012) . NLDAS-2 and Noah data (http://ldas.gsfc.nasa.gov/nldas) are described in Supplementary Material S4.
In addition to standard climate variables, we evaluated four drought indices commonly used to monitor drought and wildfire risk: Palmer Drought Severity Index (PDSI; Palmer 1965), Keetch-Byram Drought Index (KBDI; Keetch and Byram 1968) , Standardised Precipitation-Evaporation Index (SPEI; Vicente-Serrano et al. 2010), and Energy Release Component (ERC; Abatzoglou 2013) . ERC is an estimate of energy flux from the flaming front of a head fire (Fujioka et al. 2009 ), shown by Riley et al. (2013) and Abatzoglou and Kolden (2013) to correspond strongly with wildfire area and occurrence throughout the western United States. The KBDI and ERC are used for tactical planning within the United States Forest Service National Fire Danger Rating System (Fujioka et al. 2009) . Table 1 provides more information about these four indices.
Correlation analysis of climate versus burned area
We tested correlations between annual burned area and 15 climate variables (listed in Table 2 ). As in Littell et al. (2009) , burned area was log 10 transformed to account for the exponential distribution of annual burned area. Also like Littell et al. (2009) , we removed first-order autocorrelation from all burned area and climate time series to satisfy assumptions of sample independence before correlation analysis. This helps assure that correlations between burned area and climate are due to interannual co-variability, independent of common decadal trends that may not necessarily be mechanistically related. For each variable, we identified the range of 3-6 months during the 24-month period within and before the wildfire year when climate anomalies had the strongest linear correlation with burned area according to the Pearson's correlation coefficient. Abatzoglou and Kolden (2013) also evaluated correlation between burned area records and climate during sliding seasonal climate windows. We conducted the correlation analyses for three SW regions: all SW, forest only and non-forest only. As in Williams et al. (2013) , we calculated records of climate anomalies for forest and non-forest based on approximate species distributions of Douglas-fir (Pseudotsuga menziesii Beissn.), ponderosa pine (Pinus ponderosa Engelm.) and piñon pine (P. edulis Engelm.) (Little 1971) , which approximate the distribution of SW forests. As a supplemental exercise enabling comparison to results from Abatzoglou and Kolden (2013) we repeated correlation analyses using two alternative approaches in which autocorrelation was not removed from burned area and climate records. In the first, we evaluated the non-parametric Spearman rank correlation (e.g. Skinner et al. 1999) , where log 10 burned area and climate time series were converted to ranks before correlation analysis. In the second, Pearson's correlation was evaluated using unadjusted log 10 burned area and climate records.
Model climate projections
We utilised monthly projections of precipitation and VPD made for the fifth phase of the Coupled Model Intercomparison Project (CMIP5) and assessed for the Intergovernmental Panel on Climate Change (IPCC) Assessment Report Five. We calculated modelled VPD using methods described in Supplementary Material S3. Modelled climate data were developed for the IPCC historical experiment through 2005 and the emissions scenarios RCP 4.5 and 8.5 for 2006-2100. RCP 4.5 and RCP 8.5 are emissions scenarios in which anthropogenic radiative forcing reaches respectively 4.5 W m À2 and 8.5 W m À2 by 2100 (Moss et al. 2010; van Vuuren et al. 2011) . These scenarios represent middle-and high-range emissions trajectories, which may be thought of as bounding a range of conceivable possibilities in which greenhouse gas emissions either begin to slow in the mid-21st century (RCP 4.5) or continue increasing through 2100 (RCP 8.5). For each variable, we considered all models for which data were available for all scenarios (historical, RCP 4.5, RCP 8.5). We bilinearly interpolated modelled climate fields to a common geographic resolution of 0.258 so grid cells could be extracted from the SW region without artificially weighting regionally averaged climate towards model grid cells that only partially overlap with the SW. As in Williams et al. (2013) Fig. 1b ). This rate was higher for SW forest area (16.5% per year), with a .50% increase in post-1984 forest area burned since 2006 (Fig. 1c) . Increased forest fire area is due to increased average forest fire size and frequency (Fig. S5) . Among burned forest areas, the increase was most pronounced (22.4% per year) in the highest third of elevations and somewhat slower (,14% per year) in the lower two elevation terciles (Fig. S6) . The above trends in burned area are significant with 99.9% confidence based upon the Kendal's Tau and Spearman's Rho tests. Burned area in non-forest also increased, but the trend was not significant with 95% confidence (Fig. 1d ) .
Climate v. total SW annual burned area Annual SW burned area correlates strongly with general drought conditions during spring and summer. Correlation is strongest (|r| ¼ 0.76-0.78) with spring-summer water deficit, precipitation, RH, PET and ERC (Table 2) . Correlations with the supply (precipitation) and demand (PET) components of the water balance are approximately equal in strength. Among the three major components of spring-summer PET (insolation, VPD, wind speed), correlations with insolation and VPD are comparable (r ¼ 0.72 and 0.73) and higher than correlation with wind speed. These correlation patterns are consistent with results derived from a Spearman rank correlation analysis (Table S1 ).
Climate v. SW forest annual burned area Given the strong positive trend in burned forest area in recent decades (Fig. 1c) and possible connections to climate change (e.g. Williams et al. 2013) , we focus most on area burned exclusively within SW forests (Fig. 1c) . Among the 15 climate variables evaluated, correlation is strongest with March-August VPD and climatic water deficit (r ¼ 0.74, Fig. 2a) . Correlation is weaker with precipitation, but also strongest during MarchAugust (r ¼ -0.63, Fig. 2b ). There is not .95% confidence that these two correlation coefficients come from statistically distinct distributions (Snedecor and Cochran 1989) , but statistical independence is not expected since precipitation is related to VPD and water deficit. Correlations with T max and e s are also optimal during late spring and summer, but slightly weaker (Fig. 2c, d ).
Correlation with the humidity component of VPD, e, is also optimised in spring-summer and weaker still (Fig. 2e) . RH, which incorporates both e and e s (as e/e s ) and is commonly used in evaluations of wildfire risk (e.g. Cohen and Deeming 1985) , correlates strongest during April-August (r ¼ -0.65, Fig. 2f ). Equal correlations for VPD and climatic water deficit suggest that forest fire area is particularly sensitive to moisture demand (i.e. PET). Correlations with NLDAS-2 PET are consistently strong and reach 0.72 during March-August (Fig. 2 g,h) . Among the three major contributors to March-August PET, VPD correlates stronger than March-August insolation (r ¼ 0.57) and wind speed (r ¼ 0.38). As was the case when considering all SW burned area (Table 2) , correlation with wind speed peaks during the cold season (January-March, r ¼ 0.53, Fig. 2j ). Relatively strong correlation with VPD appears partially due to the climate product used, as correlation is slightly lower (March-August, r ¼ 0.68) when calculated from NLDAS-2.
PET-related variables correlate relatively strongly with burned area because of PET's negative influence on fuel moisture (Flannigan and Wotton 2001; Kunkel 2001; Nelson 2001) . Modelled 0-10-cm soil moisture correlates strongest during March-August (r ¼ À0.72; Fig. 2k ). Modelling soil moisture is difficult, however, and simplified drought indices are often used as proxies for fuel moisture and wildfire risk. Among the four drought indices evaluated, the KBDI correlated strongest with burned forest area (June-August, r ¼ 0.72; Fig. 2l ). Optimal correlations for PDSI, SPEI and ERC are lower (Fig. 2m-o) .
Given the relative simplicity of calculating VPD and its consistently strong correlation with burned forest area, we evaluated this relationship in more detail. Fig. 3a shows that the significant positive relationship between burned area and VPD begins in autumn of the year before the wildfire year and continues throughout the wildfire season. The strong positive correlation with current-year VPD is most prominent within middle-elevation forests (Fig. 3b) . Within this range (2029-2431 m), correlation with VPD reaches 0.79 in spring-summer, but never exceeds 0.65 for low-and high-elevation ranges. A negative relationship exists with prior-winter-spring VPD (Fig. 3a) , consistent with the well-known positive influence of reduced prior-year drought conditions on fuel growth and subsequent wildfire (e.g. Swetnam and Betancourt 1998), although the negative relationship with prior-year VPD is not significant within any of the three elevation classes considered (Fig. 3b) . Table 2 . Correlation between burned area and climate Pearson's correlation between log 10 annual SW burned area (moderate and severe) and seasonal climate during the period of 3-6 consecutive months when correlation is optimised. First-order autocorrelation has been removed from climate and burned area records. All 3-6 month periods were considered within the 24-month window that begins in January of the prior year and ends in December of the current year. Subscript 'p' following a month indicates the prior year. VPD: vapour pressure deficit, The results described above are essentially identical if only the MTBS data are considered and the 2013 MODIS data are excluded. The general correlation patterns are also consistent for the supplementary analysis of Spearman rank correlation (Table S1 ). These correlation patterns were also generally replicated in the second alternative analysis (Table S2) , in which time series were considered in their original forms (unadjusted for autocorrelation or rank), as in Abatzoglou and Kolden (2013) . Correlation with VPD was strongest in both alternative analyses.
Climate v. non-forest annual burned area Unlike forest burned area, non-forest burned area correlates most strongly with winter-spring wind speed (January-April, r ¼ 0.71) and prior-year precipitation during winter and spring (prior January-prior May, r ¼ 0.70) ( Table 2 ). PET and climatic water deficit correlate optimally during spring and summer, but not as strongly. The three primary contributors to PET variability (spring-summer VPD, wind speed, insolation) correlate with non-forest burned area similarly (r E 0.55). Optimal correlation with VPD occurs during June-August (r ¼ 0.58). During this time, the temperature component of VPD (e s ) correlates more strongly than does the humidity component (e) (r ¼ 0.59 v. À0.32).
Climate v. annual burned area: influence of antecedent moisture conditions Fig. 4 shows the well-documented positive influence of prioryear moisture on burned area, caused by increased fuel availability (e.g. Swetnam and Betancourt 1998; Westerling et al. 2003; Littell et al. 2009 ). The strength of the positive relationship with prior-year precipitation is strongest within low and mid-elevation forests, and does not reach significance in highelevation forests (Fig. 4b) . The positive lag relationship is more prominent for non-forest, which is generally at lower elevation (Fig. 4c) . In non-forest, burned area correlates most positively with prior-water-year precipitation during winter and spring ( Table 2 , Fig. 4c ). In forest, correlation with prior-water-year precipitation comes earlier, peaking two months earlier for all elevation ranges (Fig. 4a, b) . scenarios. Projected increases in March-August VPD are due to ensemble-mean warming of 2.158C and 3.008C for RCP 4.5 and RCP 8.5. Notably, atmospheric moisture content is also projected to rise in accordance with general increases in global temperatures, but the ameliorating influence of increased e on VPD is small relative to the exponential influence of warming on e s . Notably, however, extreme e can still influence VPD in individual years; as in 2011, a record-breaking VPD and wildfire year (Williams et al. in press) .
Implications for the future
Three extreme SW wildfire years since 1984 were 2002, 2011 and 2012, when mean March-August VPD (18.54 hPa) was 20.4% higher than the 1961-2005 mean. The pink area in Fig. 5a indicates VPD levels exceeding 18.54 hPa. Although observed and modelled records of historic March-August VPD during 1961-2005 never exceed this extreme value, models project this level to be exceeded in 15% (iq: 5-31%) and 38% (iq: 12-52%) of years during 2031-2075 in the RCP 4.5 and RCP 8.5 scenarios (Fig. 5c) . Additionally, models project interannual variability of VPD to increase considerably, leading to an increased frequency of extreme excursions of VPD from the positive background trend in mean VPD (Williams et al. in press). The right side of Fig. 5 examines CMIP5 projections of precipitation during March-July, the period when precipitation correlates most strongly with SW burned area ( Table 2 ). CMIP5 models do not converge upon a projected change in mean precipitation during these months (though they do converge on less cold season precipitation) but they do project a shift towards increased frequencies of abnormally wet and dry years (Fig. 5b) , with an approximately doubled probability of MarchJuly precipitation in a given year from 2031-2075 being less than the mean of 2002, 2011 and 2012 (Fig. 5d ).
Discussion and conclusions
Previous investigations identified mean seasonal temperature as an important driver of annual wildfire in the western United States (e.g. Westerling et al. 2006; Littell et al. 2009 ), but did not explore wildfire relationships with VPD, which is the more direct link between temperature and water balance (but see Sedano and Randerson 2014) . Moisture content of fine fuels such as dead grass and needles equilibrates with atmospheric VPD within hours and moisture content of larger fuels like dead logs equilibrates over weeks to months (Simard 1968; Fosberg and Furman 1973; Viney 1991; Nelson 2001) . VPD also influences soil moisture on sub-seasonal to multi-year timescales, influencing flammability of live vegetation (Nelson 2001) . Williams et al. (2013) explored VPD, but that study linked VPD to regional forest drought stress, and forest drought stress to burned area, without exploring VPD-wildfire relationships directly. In a comprehensive analysis of relationships between climate and western United States forest fire area, Abatzoglou and Kolden (2013) did not consider VPD explicitly, but did find optimal relationships with PET, which is mainly driven by VPD, solar insolation and wind speed.
It is interesting that we find correlation with VPD to be at least as strong as correlation with more comprehensive calculations of moisture demand or the full water balance, which all include VPD in their calculations. We interpret the unexpectedly strong correlation with VPD to indicate that correlation between burned area and other more comprehensive drought metrics may be artificially suppressed due to uncertainties in climate records as well as some confounding effects. This has important implications for evaluation of wildfire vulnerability in SW forests and elsewhere.
One confounding issue that may suppress burned area correlations with other drought indicators is that warm season precipitation often co-occurs with lightning-induced ignition events, inherently dampening the negative correlation between moisture supply and burned area (e.g. Price and Rind 1994) . Co-occurrence of clouds (which reduce insolation) and lightning (which provides ignitions) may also suppress correlations between burned area and insolation, thereby suppressing correlation with PET and modelled moisture balance. Also, complex topography and land cover characteristics cause difficulty in modelling processes such as snowmelt and sublimation, runoff, evaporation from the canopy and microclimate (e.g. Byram and Jemison 1943) , which dictate how precipitation translates to fuel moisture. This is exemplified by substantial differences in modelled SW moisture budget among land surface models despite identical meteorological forcing (Fig. S7) .
Additionally, the positive influence of precipitation on vegetation growth, and thus fuel abundance, works against the negative correlation between current-year precipitation and burned area, ultimately suppressing correlation between water balance and burned area. We find a similarly positive correlation with prior-year precipitation among the three forest elevation classes we evaluated, contrary to what might be expected based on the multi-century fire scar analysis by Swetnam and Betancourt (1998) , which found that prior-year wet conditions only enhanced the probability of widespread wildfire in relatively open SW forests, which are more common at lower elevations. We hypothesise that wildfire effects on SW forests have become less elevation dependent in recent decades as forest fires have grown increasingly large and expansive across elevations (Fig. S8) . Increased frequency of large fires spanning elevation classes may cause high elevation forest to become increasingly susceptible to fire spread from lower elevations.
Confounding effects also suppress positive correlation between burned area and wind speed, which is important in driving wildfire spread (e.g. Taylor et al. 2004; Linn et al. 2012) and evapotranspiration (Monteith 1965) . First, quality of wind speed data is suboptimal within montane forests because wind speed data largely represent conditions in relatively open settings with low surface roughness, but the greater surface roughness and complex structure of forests at least partially decouples wind speeds within the forest canopy from those outside the canopy (Belcher et al. 2012) . This undoubtedly causes regional simulations of wind speed to poorly represent the influence of wind on PET within a forest, which is a point worthy of consideration in calculations of global drought (e.g. Sheffield et al. 2012) . Second, correlation with wind speed may be suppressed during the warm season because wind-driven surface cooling during high solar intensities may counteract the drying effect of wind by decreasing boundary layer humidity (Byram and Jemison 1943) . Finally, evaporation may be particularly sensitive to wind speed when fuel moisture is high, but less so at lower moistures (e.g. Van Wagner 1979) . These last two points may contribute to the tendency for burned area to correlate most strongly with wind speed during winter and early spring, and may also contribute to suppressed correlations with PET.
In contrast to the confounding effects described above, relatively strong correlation with VPD is likely due to (1) fewer opposing interactions between VPD and burned area; (2) enhanced accuracy of PRISM VPD, particularly due to PRISM's inclusion of data from many SW sites within the RAWS network; and (3) the fact that VPD not only influences moisture demand, but also responds to moisture supply. VPD inherently reflects information about surface moisture supply because surface moisture strongly influences near-surface humidity and daytime temperature via evapotranspiration. For example, April-June mean T max , dew point and VPD correlate significantly with antecedent (October-March) precipitation in SW forest regions (Fig. S9) . Future work should explore the utility of VPD as a comprehensive integrator of regional moisture availability, which may complement model-based estimates of regional fuel moisture and wildfire risk.
In the near term, we expect burned SW forest area to continue co-varying with climate in a nature similar to that established in recent decades. Over the longer term, drought intensification is very likely in the SW (e.g. Cayan et al. 2013; Gershunov et al. 2013; Seager et al. 2013; Williams et al. 2013) , but forest fire response will be complicated because many factors influence regional fuel characteristics (e.g. Nelson 2001; Moritz et al. 2012; Pfeiffer et al. 2013) . Based simply on an extrapolation of the established relationship between forest fire area and VDP (Fig. 6) , continued warming would result in ever-growing annual burned area. Continued increases in burned area, however, would eventually cause a negative feedback on future burned area via reductions in fuel availability and connectivity (Schoennagel et al. 2004; Krawchuk et al. 2009; Pechony and Shindell 2010; Marlon et al. 2012) .
Management policies will also modulate the future relationships between burned area and drought. Recent increases in SW burned area, for example, are partially attributable to increased forest density due to regional fire suppression (Fulé et al. 1997; Allen et al. 2002; Stephens 2005; Marlon et al. 2012 ; but also see Schoennagel et al. 2004) . Additionally, nuances of the climate system such as sequencing of wet and dry years, and co-occurrence of drought, ignition and wind events, will continue to be important. For these reasons, fully mechanistic land surface models will be of increasing value as wildfire parameterisations continue to improve (e.g. Kloster et al. 2010; Pfeiffer et al. 2013) . However, fuel moisture is ultimately affected by micrometeorology (Byram and Jemison 1943; Nelson 2001 ) and it is not necessarily clear how regional climate change will translate to trends in boundary layer conditions surrounding fuels. Trends in micrometeorology and boundary layer climate will be spatially heterogeneous and heavily influenced by changes in vegetation cover. In turn, regionally averaged trends in burned area will be an integration of many site-specific processes, many of which are not accurately represented in global climate models.
Despite uncertainties, rapidly rising VPD and continued occurrences of abnormally wet years (fuel growth) followed by abnormally dry years (fuel drying) are likely to continue to increase flammability of SW ecosystems until fuels or management policies become limiting. In forested areas globally, changing fire dynamics may lead to critical feedbacks on global and regional climates, as forests store ,45% of terrestrial carbon and substantially influence regional water cycles (Bonan 2008; Le Page et al. 2010; Chen et al. 2011; Jasechko et al. 2013; Gatti et al. 2014) . Observed wildfire-climate relationships in relatively warm and dry forests of the SW offer valuable insights relevant to other forest regions globally, particularly in regions where VPD is projected to rise rapidly, regions that experienced recent pluvial conditions that suppressed burned area and promoted fuel growth, and regions where limited meteorological and land cover data prohibit accurate fuel moisture modelling. Fig. 2a , but values are not adjusted for autocorrelation and y-axis is not on a log scale. The four largest burned area years are labelled.
